By utilizing symmetry analysis and electronic structure calculations, we investigated the low-temperature orthorhombic phase of Ag 2 Se in SG 17. In addition to the discovery of a nodal plane at k z = π protected by the joint operation of time-reversal (T ) and the 2-fold screw rotation S 2z , we found 24 Weyl points mainly residing at the k y = 0 plane with notable Fermi arc and large quasiparticle interference pattern (QPI). Due to the absence of mirror symmetry, a pair of Weyl points with opposite chirality reside at different binding energies, which makes this system an excellent material candidate for realizing the novel chiral anomaly related phenomenon, such as the quantized circular photogalvanic and the chiral magnetic effects. Furthermore, we also reveal the striking spin textures at k z = π plane which demonstrates, in a large region of the surface Brillouin Zone, a direction-selective spin polarization, which has a strong implication to spintronic applications.
I. INTRODUCTION
Equipped with the predicting power of the topological band theory, the study of topological materials has revolutionized the conventional viewpoint on the state of matter and triggered a great interest in the nontrivial Berry curvature of the Bloch wavefunction [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Among the many new states of matter, the study of three-dimensional (3D) Weyl semimetal (WSM) has emerged as a new research discipline known as topological semimetal, where the lower-energy excitations around a degenerate Weyl point (WP) between two energy bands are well described as a 3D Weyl fermion. In solids, WPs always appear in pairs of opposite chiralities with quantized Chern number C 1 , acting as the the monopole source and sink of the Berry curvature, which leads to the striking predicitons of the Fermi arc electronic states on the surface [2] [3] [4] [5] [6] [7] [8] [9] .
Macroscopically, WPs are known to correlate to many exotic phenomena, such as negative magnetoresistance (also known as chiral anomaly) 5, 13 , intrinsic spin Hall effect 14 , and anomalous Hall effect [15] [16] [17] . Notably, if WPs with opposite chiral charges have different energies the quantized circular photogalvanic effect (CPGE) 18 and the chiral magnetic effect (CME) are also supposed to happen [19] [20] [21] [22] [23] [24] . The CME has attracted much theoretical interest because of the existence of a nonzero chiral current induced by a static magnetic field at zero temperature 20 . The CME and CPGE were first proposed by theoretical study and was recently observed in RhSi 25 . Early theoretically proposed material candidates for WSMs have mirror symmetry, which confines the WPs with opposit chiral charges to the same energy. Some recently proposed materials, which do not have mirror symmetry, have the WPs with higher chiral charges (≥ 1), such as the double Weyl fermions in SrSi 2 26 , TlTeO 6 and Ag 2 Se related families 27 , and the spin-3/2 Rarita-Schwinger-Weyl fermions in CoSi [28] [29] [30] [31] . Therefore, a Weyl semimetal with opposite unit chiral charges being at different energies is highly demanded, which would provide an ideal experimental platform facilitating further examination of those exotic effects in the near future.
In this paper, based on the first-principle calculations and simple symmetry argument, we predict Ag 2 Se at low temperature with space group (SG) 17 as a Weyl semimetal lacking of the protection of mirror symmetry. As a result, the WPs with opposite chirality charge reside at different energies. We found 24 WPs in this material with 20 of WPs locate below Fermi level(E F ). By tuning the energy relative to E F , this system can serve as an ideal platform to study the significant CPGE and CME in experiments. The persistent spin current discovered at k z = π surface further makes this system a good material candidate for spintronics.
II. CRYSTAL STRUCTURE AND SYMMETRY.
At atmospheric pressure, the Ag 2 Se crystallizes in two phases. At high temperature Ag 2 Se crystallizes in the bcc cubic phase (Im3m) 32, 33 . At 406 K a structure transition to the orthorhombic phase occurs, where Ag 2 Se can have two different structures with SG 17 (P222 1 ) 33, 34 . and SG 19 (P2 1 2 1 2 1 ) 33, 35, 36 . The topological properties of SG 19 phase Ag 2 Se has been examined 37 . Here, we studied the SG 17 phase whose topological nature, to the best of our knowledge, has not been explored.
Beside identity, SG 17 contains three symmetries: a 2-fold rotation symmetry about x axis, i.e. C 2x = {2 100 |0, 0, 0}, and two screw rotation symmetries about y and z axis, i.e. S 2y = {2 010 |0, 0, 
, where the spin manipulation is indicated by the corresponding Pauli matrices. Due to the absence of inversion symmetry and the Kramer degeneracy, at generic momentum every Bloch band is non-degenerate. However, higher band degeneracy can still be expected in this SG: (1) each band at the eight time-reversal invariant momenta (TRIM) are doubly degenerate protected by the time-reversal symmetry T , i.e. |Ψ and T |Ψ are orthogonal and energetically degenerate at TRIM. (2) Screw symmetry S 2z protects crossings between two bands carrying different S 2z eigenvalues. It is easy to understand that, after applying S 2z twice, every atom moves along z axis with one lattice spacing, resulting in an additional phase factor in the Bloch wavefunction, i.e. sign from the spin operation. As S 2z commutes with the Hamiltonian, each Bloch state can be labelled by the eigenvalue of S 2z as well. Although k z = ±π are equivalent Brillouin Zone (BZ) boundaries, the eigenvalue of S 2z takes different values, i.e. ±ie ik z /2 = ±1 at k z = −π and ±ie ik z /2 = ∓1 at k z = π. Thus, to satisfy the periodic boundary condition of the BZ the bands with opposite S 2z eigenvalues shall always appear in pairs 38 and cross at somewhere along the high symmetry lines protected by S 2z . There are four k-paths of this type protected with band crossings, i.e. (0/π, 0/π, k z ).
(3) At k z = π plane every band are doubly degenerate due to the protection of the joint protection of T and S 2z , i.e. there exists a nodal plane in SG 17 as shown below. After defining Θ z = T S 2z , one can easily prove that the momentum at k z = 0/π planes are invariant under Θ z ,
While, in real-space after applying Θ z twice the x and y coordinates are kept invariant, but z coordinate will be shifted by one lattice spacing c, (x, y, z)
acting as a time-reversal operator which allows a double band degeneracy everywhere in this plane. The other screw rotation, i.e. S 2y , however does not bring in any additional band degeneracy, as applying Θ y = T S 2y twice will not result in additional lattice translation so that Θ 2 y = 1. (4) What is more striking about SG 17 is the protection of nonequilibrium spin polarization along the boundary of k z = π surface, which strongly connects to the nodal nature of this plane, resulting in a persistent spin texture allowed only in selective directions in momentum space. As Θ z |Ψ is energetically degenerate with |Ψ , it is easy to verify s z = Ψ|Θ † zσz Θ z |Ψ = − Ψ|σ z |Ψ due to the fact that σ z anticommutes with T and commutes with S 2z . Adding up the contributions from the two degenerate states yields a vanishing spin polarization along z direction. However, the other two spin components survive as {S 2z ,σ x/y } = 0. We note that this strongly contrasts to the spin textures in centrosymmetric systems, where the Kramer's degeneracy enforces the doubly degenerate bands to have perfectly opposite spin textures. Therefore a cancellation of spin polarization happens everywhere in the BZ. Here the Θ z protected nodal plane promotes the cancellation only for the S z component, leaving the spin momentum fully planar.
III. BULK ELECTRONIC STRUCTURE
For systems in this SG the more interesting thing is the presence of WPs at generic momentum due to the broken of inversion symmetry, which cannot be obtained from the above symmetry analysis.
To this end, we calculated the electronic band structure and search the possible WPs in the first BZ by using the density functional theory (DFT) as implemented in the Vienna ab-initio Simulation Package (VASP) 39 with projector augmented wave method 40, 41 . The electron exchange-correlation potential is described by the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) scheme 42 . The kinetic energy cutoff of the plane wave basis is set to 300 eV as default. A Γ-centered 6 × 6 × 10 k-mesh is used to sample the BZ. To calculate the surface states, the surface Green's function method was employed with the tight-binding Hamiltonian constructed by the maximally localized Wannier orbitals 43, 44 , where the Se s, p; and Ag s, p, and d orbitals were considered. The experiment lattice parameters (a = 7.050 Å, b = 7.850 Å, and c = 4.330 Å) were employed in the calculations with the crystal structure shown in Fig. 1(a) . The BZ and the corresponding (010) surface BZ are displayed in Fig. 1(b) . The electronic structure calculated with spin-orbit coupling (SOC) along the high symmetry path is shown in Fig. 1(c) .
Bloch states along Γ-Z, T-Y and X-U are the eigenstates of S 2z screw symmetry, therefore there will be S 2z enforced band crossings at these three lines as explained before. Along each line we marked one such crossing point by black dot and we note that each band will at least have one crossing point with another band carrying different S 2z eigenvalues. However, their locations in momentum-energy space are unpredictable by symmetry and is material-dependent. In addition to the S 2z symmetry-enforced band crossing at high-symmetry lines confirmed by our DFT calculations, the Θ z = T S 2z protected nodal plane (k z = π) was also verified numerically, where every band is confirmed to be doubly degenerate.
In Fig. 2(a) we show the bottom conduction band and the top valence band at k z = π plane, where each band is doubly degenerate and spin momentum contains only in-plane components, i.e. S x and S y . For a better visualization, the spin texture for the valence band is projected to the k x − k z plane. We first note that, along k y = 0, π lines, only the S y component is nonzero. This is due to the additional constraint from S 2y which keeps the momentum invariant along these lines and it commute with the Hamiltonian. Each eigenstate of the Hamiltonian, thus, will carry a definite eigenvalue of S 2y as well. From S 2 2y = −1, the eigenvalue of S 2y can be either i or −i, which classifies the Bloch states into two groups. For a given state |Ψ (+) , for example with S 2y eigenvalue i, the anti-commutation relation {σ y , σ x } = 0 results in S x ∼ Ψ (+) |σ x |Ψ (+) = Ψ (+) |S † 2y σ x S 2y |Ψ (+) = − Ψ (+) |σ x |Ψ (+) = 0. As a consequence, along k y = 0/π lines at k z = π plane the only non-zero component of the spin is S y , which forces the spin transports only along k y direction. As displayed in Fig. 2(b) , the spin texture along these lines are perfectly aligning to k y direction only. The transport of spin current would then be protected by the symmetry against impurities and defects scattering. More interestingly, we find that, in Ag 2 Se, the persistent of spin texture extends to a large regime around these lines, making the majority of spin texture at k z = π plane orientated to k y . The persistent spin texture has been predicted to support long spin lifetime and create non-equilibrium spin polarization 45 which is crucial for spintronic applications 46 . In the other two planes, i.e. k x = π in Fig. 2(c) and k y = π in Fig. 2(d) , the spin textures are three dimensional and are much more random than the k z = π plane.
IV. WEYL POINTS, SURFACE STATES AND QPI
Furthermore, we found 24 WPs around the Fermi level, see Table I for their positions in momentum-energy space. These WPs are symmetry related. Given a WP at an arbitrary k point (k x , k y , k z ), e.g., C 2x rotation symmetry and T guarantee that there will be three more WPs locating at (k x , −k y , −k z ), (−k x , −k y , −k z ), and (−k x , k y , k z ). As neither C 2 and T changes Chern number, all these symmetry-connected WPs have the same chirality. Therefore, the 24 WPs can be devided into six groups. Within each group, the WPs are related by T and C 2 . However, WPs from different groups have different energies due to the broken of mirror symmetry. Thus, a net chirality charge can be achieved by tuning the Fermi level in this system, which has a strong implication to the surface states and the realization of CME and CPGE at low temperature. To see clearly the energy difference between a pair of WPs, we show in Fig. 1(d) the bands connecting a chosen pair of WPs. The location of two WPs (K 1 and K 2 ) are denoted in this figure by the red and blue dots. The energy separation of the two WPs is as large as 70 meV. We also notice that the two bands forming this pair of WPs exchange orders between K 1 and K 2 resulting in a band inversion, whose strength is characterized by an energy gap of 0.410 eV. In Fig. 1 (e) and (f) the Berry curvature around this pair of WPs demonstrate clear opposite chirality.
The characteristic feature of Weyl systems is the charge transport between the Weyl points through the Fermi arc. In Fig. 3 the states at the Fermi level are displayed for (010) surface. We find four arcs as highlighted inside the dashed line box where their spin textures are also displayed. As the WPs reside at different energies, it is impossible to get a pair of WPs on the same energy cut. Instead, one can inspect the relation of the Fermi arcs with the Chern number by introducing momentum cut. In Fig. 3(b) we show the locations of the 24 WPs in the surface BZ. We use square and circle to denote the positive and negative chirality. The different colors represent the different groups. We note that some WPs are not visible in this plot as they stay vertically below/above some of these WPs in energy. As shown in Fig. 3(b) , we introduce four momentum cuts along k x axis. Each momentum cut separates the BZ into two parts, each of which encloses different number of WPs yielding a net Chern number. Consequently, there will be surface states passing through this momentum cut if the enclosed Chern number is nonzero. The number of the topological surface states must be same as the enclosed Chern number. The calculated results are displayed in Fig. 3(c-f) . For cut #1, the enclosed Chern number is +2, therefore, will be 2 surface states. For cut #2, the there are four topological surface states, it is consistent with the enclosed Chern number +4, while for cut #3, the Chern number decreases to +2 because of two more −2 Chern number WPs are enclosed, there are two topological surface states. For cut #4, the enclosed Chern number is zero. Consequently, there is no topological surface state at all passing through this momentum cut. Fig. 3(a) . One branch of the fermi arc (a) leads to the scattering among the states within it, whose QPI (b) is distributed only around Γ point. The scattering between the two branches of the Fermi arcs shown in (c) leads to the additional QPI mode locating at higher q z value (d).
Through both energy-and momentum-cut we have verified that the discovered 24 WPs are indeed topological and Ag 2 Se in SG 17 is a Weyl semimetal holding great potential for CME and CPGE. To help experimental characterization and verification of this topologically nontrivial system, we further calculate the quasiparticle interference (QPI) pattern which can be directly probed by scanning tunneling spectroscopy (STM). QPI measures the scattering pattern between the initial surface states at k i , and the final states at k f at a fixed energy, which is theoretically represented by the joint density of states (JDOS) 47 
JDOS(q, E)
, where A σσ (k, E) σ is the Fourier-transformed density of states with spin σ(σ ) at k point and energy E, which can be obtain from the imaginary part of the surface Green's function. To trace the scattering pattern resulted solely by the topological nature of this system, we only consider the QPI between the surface Fermi arc shown in Fig. 3 (a) . For a better understanding, we dissemble the Fermi arc shown in Fig. 3 and calculate the JDOS associated with them. With only one branch of the Fermi arcs, scattering is allowed only between the states within this arc. As shown in Fig. 4(b) the Fermi arc in Fig. 4 results in a bow tie shape QPI distributing around the BZ center. With the inclusion of the other branch shown in Fig. 4(c) , the scattering between the two Fermi arcs is now allowed, which additionally leads to the QPI patten locating above/below the bow tie QPI. The entire QPI spans over a large territory of the surface BZ, which provides a great opportunity for STM to detect it. We hope this would stimulate interest for relevant experimental techniques.
V. CONCLUSION
We have studied the SG 17 whose symmetry operation is simple but astonishingly rich phases can be derived which have strong implication to many exciting phenomena. We found a symmetry protected nodal plane in this noncentrosymmetric system protected by the joint operation of time-reversal T and screw rotation S 2z symmetries. Along the edge of the nodal plane, a direction selective spin polarization is achieved. Unlike the quantum spin Hall system, the polarization of the spin current does not require the presence of perfectly long edge which is technically hard to achieve. The direction selective spin polarization is a bulk quantity determined completely by the symmetry. The presence of persistent spin texture in momentum space may utilize potential applications in spintronics. By using the first-principle calculations, we also found 24 WPs locating at generic momentum with notable Ferm arcs and large QPI. The absence of mirror symmetry makes this system also a perfect material platform for quantized circular photogalvanic and the chiral magnetic effect. 
